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EXECUTIVE  SUMMARY 


A  Government-wide  program  was  developed  in  response  to  the  poten¬ 
tial  electrical  hazards  associated  with  carbon  fiber  release  from 
carbon  fiber  compc'sites  used  as  structural  materials  for  military 
aircraft.  Fibers  can  be  released  during/after  accidental  burn  or 
burn/blast  scenarios  where  the  coit^osite  epoxy  ignites  and  is 
burnt  off,  leaving  the  base  carbon  fiber  structure  behind.  Under 
these  conditions,  the  major  process  for  fiber  gasification  is 
the  reaction  of  carbon  and  oxygen  to  form  carbon  monoxide  and 
carbon  dioxide.  The  rate  of  fiber  oxidation  can  be  enhanced 
considerably  by  the  addition  of  metal  catalysts  to  the  fiber  surface 
when  the  rate  is  not  controlled  by  reactant  oxygen  diffusion.  The 
work  performed  by  the  Chemistry  Division  of  the  Naval  Research 
Laboratory  involved  the  implementation  and  evaluation  of  metal  additives 
to  the  composite  epoxy  resin  for  enhancing  the  gasification  of  carbon 
fibers,  thereby  reducing  the  amount  of  fibers  left  for  release. 

The  results  of  the  NRL  work  can  be  summarized  by  the  follow¬ 
ing  points; 

1.  The  effect  of  metal  additives  was  observed  in  increasing 
the  gasification  rate  in  a  fuel  fire  and  the  amount  of  self-sustained 
combustion  after  removal  from  the  fire.  In  general,  gasification  rates 
within  the  reducing  environment  of  the  fire  were  very  slow  and 
relative  rates  were  proportional  to  oxygen  accessibility  as  well  as 
the  presence  of  metal  additives.  As  a  result,  self-sustained 
combustion  is  considered  a  major  factor  for  fiber  gasification. 


2,  In  all  tests  the  most  effective  additive  was  Pb  in  the 
form  of  acetates  or  oxides.  A  concentration  of  .01  g  atom 
Pb/100  g  epoxy  (which  resulted  in  Pb/C  surface  atomic  ratios 
>1  %)  was  a  minimum  amount  for  effective  catalysis  with  multi¬ 
ply  composites,  preliminary  results  indicate  that  this  did  not 
affect  the  composite  mechanical  properties.  The  ranking  of  the 
next  effective  catalysts  was  Bi  >  V  >  Cu  >  Li,  Cs,  K.  Most  other 
metal  additives  exhibited  equivalent  activity,  which  was  higher 
than  untreated  composites. 

3.  The  amount  of  self-sustained  combustion  weight  loss  depended 
on  the  heat  balance  between  the  exothermic  oxidation  reaction  and 
the  heat  loss.  This  balance  was  successfully  modeled  and  the 
model  explained  the  effects  of  metal  catalysts  and  experimental 
features. 

4.  The  Pb  additive  resulted  in  >9C)^  fiber  wt.  loss  for 
^  ply  composites  and  «  40-50^  wt  loss  for  4  ply  fabrics  and 
single  tows  during  self-sustained  combustion.  This  was  observed 
for  Epon  828  epoxy  composites  at  room  temperature,  atmospheric  air 
and  natural  convection  after  1-minute  exposure  to  fuel  fires.  Composites 
with  3501-6  epoxy  and  Pb  additives  needed  either  a  fuel  fire  exposure 
time  >2  mins,  high  Pb304  epoxy  concentration  (.1  g  atom/100  g) , 
or  high  ambient  flow  velocities  to  reproduce  the  >90^  wt.  loss. 

The  3501-6  inhibiting  effect  may  be  due  to  sulfur  residue  left 
on  the  fiber  surface. 


V 


In  terms  of  accident  scenarios,  we  make  the  following  pre¬ 
dictions.  The  metal  additive  can  substantially  reduce  fiber 
release  from  the  fabric  structure  du.ring/af ter  a  fuel  fire.  The 
most  dramatic  effect  of  the  catalysts  is  to  sustain  fabric  and  tow 
combustion  within  a  natural  atmosphere,  room  temperature  environment 
after  removal  from  the  fire.  If  a  single  fiber  has  been  released 
into  the  air  from  the  fabric,  its  high  convective  heat  loss  will 
extinguish  the  catalyzed  oxidation  reaction.  Blast  velocity  release 
might  also  extinguish  combustion  of  fiber/composite  aggregate  due 
to  the  high  convection  heat  loss. 


VI 
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CATALYZED  COMBUSTION  OF  CARBON  FIBERS  FROM 
CARBON  FIBER-RESIN  COMPOSITES 

I .  INTRODUCTION 

This  report  describes  the  work  performed  by  Code  6170  of  the 
Naval  Research  Laboratory  in  support  of  the  program  of  materials 
modification  of  carbon  fiber  composites.  This  program  was  initiated 
in  response  to  the  potential  electrical  hazard  associated  with  car¬ 
bon  fiber  release  during  accidental  fires.  The  problem  was  deemed 
especially  serious  by  the  Navy  due  to  the  percentage  of  carbon 
fiber  composites  in  the  structural  components  of  the  Navy  F-18 
combat  aircraft  and  the  high  projected  usage  in  future  combat  air¬ 
craft.  Recently,  detailed  risk  analyses  have  been  carried  out  for 
possible  accident  scenarios  involving  both  commercial  and  military 
products  containing  carbon  fiber  cc  '■nosites.  These  analyses  have 
concluded  that  the  present  and  short-term  fut\ire  economic  and  mili¬ 
tary  consequences  of  carbon  fiber  release  are  minimal.  The  commercial 
risk  analysis  is  available  as  NASA  Conference  Publication  2119?  the 
proceedings  of  the  December  4-5,  1979,  briefing  at  NASA  Langley 
Research  Center,  Hampton,  VA.  The  military  risk  analysis  was  sum¬ 
marized  in  the  June  5,  1980,  Havename  meeting  at  NSWC,  Silver 
Spring,  Md. 

The  NRL  work  focused  on  reducing  the  electrical  hazards  caused 
by  fiber  release  by  promoting  fiber  combustion  during/after  an 
accidental  fire.  The  selected  method  was  the  addition  of  metal 
promoters  to  the  composite  epoxy  which  would  increase  the  reaction 
rate  of  C  +  O2  "*  CO  -i-  CO2,  thereby  converting  fibers  into  gaseous 
products.  This  solution  is  potentially  simple  to  implement  since 
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it  only  involves  mixing  the  epoxy  with  a  small  amount  of  powder 
additive.  Ideally,  the  additive  would  remain  an  inert  material 
until  released  by  the  accidental  fire/explosion  scenario.  Two 
other  solutions^  epoxy  modification  to  produce  charring  for 
increased  fiber  retention,  and  fiber  modif j.cation  to  reduce  con¬ 
ductivity,  are  inherently  long- range  solutions  because  they  would 
require  more  extensive  materials  requalification. 

The  experimental  program  developed  into  several  distinct 
phases;  choice  of  metal  compound  as  combustion  promoters,  method 
of  addition  to  the  composite,  and  effect  of  experimental  conditions 
on  oxidative  rates.  Based  on  this  experimental  work  and  on  combus¬ 
tion  theory,  a  model  for  fiber  combustion  is  developed  which  identi¬ 
fies  the  important  features  of  oxidation  with  and  without  metal 
additives.  The  effects  of  air  flow,  sample  geometry,  ambient 
temperature,  and  combustion  promoters  are  incorporated  into  this 
model.  The  roles  of  reaction  kinetics,  radiative  heat  loss,  and 
sartple  surface  temperature  are  discussed  in  detail.  Two  other 
laboratories.  Jet  Propulsion  Laboratory  and  NADC  in  Warminster, 

PA,,  performed  work  in  this  area,  and  their  results  will  be  men¬ 
tioned  at  appropriate  places. 

In  the  Conclusion  we  will  discuss  the  viability  of  combustion 
promoter  additives  to  increase  carbon  fiber  gasification. 
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II.  EXPERIMENTAL  TESTING 

A.  Selection  of  Oxidation  Promoter 

The  carbon  literature  contains  a  large  number  of  publica¬ 
tions  concerning  the  oxidation  of  different  forms  of  carbon  by 
oxygen.  At  least  fifty  years  ago  it  was  noted  that  the  oxidation 
reaction  rate  could  be  increased  by  the  presence  of  metal  impurities 
on  the  surface  of  the  carbon.  Since  then,  many  papers  have  repoirted 
this  phenomenon  in  terms  of  reaction  rates  with  different  metal 
additives. 

As  a  result,  most  work  on  selection  catalyst  at  NRL  was  per¬ 
formed  on  an  empirical  basis.  "Good"  catalysts  from  the  literature 
were  introduced  to  the  specific  carbc-i  fiber  system  of  interest. 
Several  criteria  were  used  to  evaluate  the  metal  catalysts.  The 
first  test  was  the  spontaneous  ignition  temperature  (SIT)  of  the 
fibers  treated  with  a  O.IM  solution  of  the  metal  salt  in  water. 

The  second  test  measured  the  amount  of  weight  loss  in  the  self- 
sustained  combustion  (combustion  at  room  temperature  environment) 
mode  after  fiber  ignition  within  a  heat  source.  The  third  test 
measured  fiber  weight  loss  in  self -sustained  combustion  from  a 
composite  impregnated  with  the  metal  additive.  The  third  test 
was  the  most  critical,  since  the  fiber  composite  is  the  actual 
structural  material  of  interest  to  the  Navy.  The  first  two  tests, 
ho^'/ever,  were  easier  to  perform  since  composite  preparation  is 
a  more  time-consuming  process.  In  addition,  the  bare  fiber  tests 
provided  a  baseline  measurement  to  compare  with  different  composite 
geometries  and  epoxy  mixtures. 
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1.  Spontaneous  Ignition  Teng?erature  (siT) 

The  SIT  test  has  been  extensively  used  in  the  literature 
to  measure  the  relative  activity  of  o>  dation  promoters.  (2)  Since 
the  C  +  Oj  reaction  is  exothermic,  rel  dng  between  25  to  80  kcal/ 
mole  depending  on  whether  CO  or  COa  is  the  major  product,  ignition 
routinely  occurs  in  carbon  oxidation.  Spontaneous  ignition  is 
defined  as  the  temperature  at  which  reaction  produces  a  thermal 
runaway  and  the  carbon  surface  temperature  becomes  significantly 
higher  than  ambient.  The  rationale  behind  the  SIT  test  is  that  the 
lower  the  SIT,  the  more  effective  the  promoter  is  in  increasing  the 
carbon  oxidation  rate.  The  test  assumes  that  ignition  always 
occurs  at  approximately  the  same  oxidation  rate.  This  assumption 
is  only  valid  if  the  experimental  conditions  and  sample  matrix  are 
reproduced  in  each  measurement.  The  disadvantage  of  the  SIT  test 
is  that  it  does  not  directly  measure  the  effect  of  the  additive  on 
sustaining  combustion  after  ignition  in  a  fuel  fire  scenario. 

The  SIT  measurements  were  accomplished  on  a  Dupont  990  Thermal 
Analyzer  in  the  thermal  gravimetric  analysis  (tga)  mode  at  250 
ml/minute  air  flow  and  a  heating  rate  of  20®C/min.  A  typical  TGA 
plot  is  shown  in  Figure  1.  The  ignition  point  is  shown  as  a  sharp 
decrease  in  weight  and  a  discontinuous  jump  in  temperature  due  to 
the  reaction  exothermic ity.  Sample  preparation  was  accomplished 
by  dipping  the  fibers  in  O.lM  aqueous  solution  of  the  metal  salt, 
drying  the  fibers  on  filter  paper  at  ambient  temperature  and  sub¬ 
sequently,  a  drying  oven  at  100°C.  This  preparation  should  result 
in  equivalent  surface  concentration  of  the  various  metals  on  the 
fibers  since  we  assume  a  physical  adsorption  mechanism.  Most 
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metals  were  added  as  acetates.  However,  acetates  were  unavailable 
for  all  the  metals  and  other  salts  were  also  used.  In  some  cases, 
nitric  acid  was  added  to  increase  the  solubility  of  the  non-acetate 
salts  in  water. 

The  results  in  Table  1  show  that  Pb  was  the  most  effective 
metal  in  lowering  the  SIT  for  tows  of  Thornel  300  carbon  fibers. 

The  temperature  difference  between  the  Pb-treated  and  the  control 
tows  was  approximately  200°C.  (The  control  SIT  is  believed  to  be 
550®C  and  the  lower  SIT  values  are  due  to  contamination.)  Bismuth 
salts  were  a  close  second.  The  next  rank  at  ~120®C  difference 
include  Li,  V,  Cs,  and  perhaps  K.  Other  metal  treatments  lowered 
the  SIT  by  50-7C<®C.  The  same  hierarchy  was  observed  for  Hercules 
AS  tow  analyses,  but  the  SIT's  were  consistently  30-4o®C  higher. 

The  30-40°C  gap  probably  reflects  the  fact  that  the  AS  fiber  has 
a  lower  surface  area  than  the  T-300  fiber.  The  sensitivity  of 
this  test  to  the  experimental  conditions  such  as  metal  concentration, 
fiber  type,  and  air  flow  was  shown  by  other  data  not  presented  here 
in  which  the  SIT  measurements  changed  significantly  upon  variation 
of  the  above  parameters.. 

Similar  weight  loss  vs  temperature  curves  were  produced  for 
composites  of  T300  fabric  (con^osite  preparation  described  in 
Appendix  A)  and  the  results  are  presented  in  Table  2.  in  this 
case,  the  initial  weight  loss  represents  epoxy  weight  loss  (epoxy 
did  not  ignite  at  20‘’C/min  heating  rate)  and  the  fiber  ignition 
occurs  after  epoxy  loss.  All  the  additives  reduced  the  composite 
fiber  SIT  by  70®C  at  the  three  different  air  flows.  The  untreated 
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Table  1  —  Spontaneous  ignition  temperature  (SIT)  of  single  fiber  T-300 
tows  at  250  ml/min  air  flow  and  20°C/min.  Heating  rate 

.  IM  Metal  Acetate  Solution  SIT  (°C) 


Pb 

340,  350,  350, 

Pb/Li 

370 

Pb(N03)2 

370 

BKNOjjj 

380 

V 

425 

CS 

430 

Li 

430,  440 

K 

440,  450,  470 

Na 

450,  460,  480 

Ba 

470,  475 

Ca 

485,  480,  485 

Sr 

485 

Cu 

480,  500,  510 

AqN03 

500 

Control 

470,  485,  540 

Co 

520 

Cr 

540 

Mn 

550 

Ce 

580 
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Table  2  —  SIT  temperatures  of  coraposites^^^ 


Fi.ber- 

Epoxy 

Ply 

Additive 

50%  Epoxy 
Wt.  Loss 

SIT 

Oxidation 
Rate  After 
SIT 

^2 

Flow  Rate 

T-300 

Epon  328 

6 

BljOj 

415°C 

51U°C 

5%/min. 

50  ml/min. 

T-300 

Epon  828 

6 

- 

410°C 

580°C 

6%/min. 

50  ml/min. 

T-300 

Epon  828 

6 

Ca (OAc) 2 

410°C 

510°C 

5%/min. 

50  ml/min. 

T-300 

Epon  828 

6 

PbO 

410“C 

500°C 

5%/min. 

50  ml/min. 

T-300 

Epon  828 

6 

CuO 

410°C 

500°C 

6%/min. 

50  ml/min. 

T-300 

Epon  828 

6 

PbsO^ 

405°C 

500°C 

6%/min. 

50  ml/min. 

T-300 

Epon  828 

6 

Pb304 

400'='C 

485°C 

11%/min . 

150  ml/min 

T-300 

Epon  828 

6 

- 

405°C 

580°C 

1%,  11% 

150  ml/min 

T-300 

Epon  828 

6 

Pb304 

390°C 

475°C 

18%/min. 

250  ml/min 

T-300 

Epon  828 

6 

- 

400°'J 

545°C 

1%,  3% 

250  ml/min 

^Samples  described  in  Table  5 . 
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composites  also  showed  an  induction  period  of  slow  oxidation 
after  epoxy  decomposition.  The  epoxy  reactions  as  measured  by 
the  50^  wt  loss  temperature  were  not  affected  by  the  metal 
additives. 

2.  Fabric  Selt-Sustained  Combustion 

The  second  test  consisted  of  igniting  single-ply 
fabric  in  a  700®C  furnace,  removing  the  fabric  from  the  furnace 
and  measuring  the  weight  loss  during  self-sustained  combustion. 

In  practice ,  it  was  extremely  difficult  to  separate  fabric  self- 
sustained  weight  loss  from  weight  loss  within  the  furnace.  As  a 
result,  total  weight  loss  was  measured  and  the  control  weight 
loss  subtracted  from  treated  fabric  weight  loss.  In  addition, 
total  burn  time  outside  the  furnace  was  also  estimated.  These 
results  are  presented  in  Table  3  for  T-300  fabrics  and  Table  4 
for  AS  fabrics.  The  only  significantly  different  weight  loss 
enhancement  was  achieved  by  Pb  compounds  in  both  fabrics  and  Bi 
in  the  T-300  fabrics.  When  the  cloth  was  treated  with  two  metals, 
the  recorded  wer’ht  loss  was  equivalent  to  the  more  effective 
metal  additive  by  itself,  and  no  synergistic  effect  was  discernible. 
The  untreated  AS  fabric  also  showed  significantly  less  weight  loss 
{llfo  compared  to  24^)  than  the  T-30O  control.  These  results  cor¬ 
relate  with  the  observation  that  propagation  of  combustion  in  a 
tow  when  lit  at  one  end  was  only  obtained  with  Pb-treated  T-300 
fibers.  However,  the  maximxim  weight  loss  exhibited  by  Pb-treated 
single  tows  or  single-ply  fabric  was  consistently  found  to  be 
«50^. 
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Table  3  —  Self-sustained  combustion  of  T-300  fabric 
I  Wt.  Loss 


S'"  ution  .  IM 

%  Wt. 
Loss 

Minus 
%  Wt. 

Control 

Loss 

Burn  Time 

Out  of  Oven 

Pb (OAc) 2 

67  56 

43 

32 

.6 

.9  mins. 

6,7 

Pb(0Ac)2  +  Na2C03  ' 

58  48 

34 

24 

.8 

.  6 

Pb(OAc)2  +  Ca(OAc)2^ 

51 

27 

.7 

Bi202C0,^ 

42 

18 

.8 

Ag2C03^ 

39 

15 

.  3 

Ca(N03)  2 

39 

15 

.  4 

LiOA  c 

37 

13 

.2 

Cs2C03^ 

36  35 

12 

11 

.1 

.  3 

Ca (OAc) 2 

36 

12 

.3 

Ba(OAc) 2 

36 

12 

.3 

Ca(NO,) ,  +  Na  C03^'^ 

3  -i  2 

35 

11 

.2 

NaOAc  +  Ca{OAc)2^ 

35 

11 

.2 

Cu (OAc) 2 

35 

11 

.2 

Sr(N03)2 

35 

11 

.4 

Ca  (OAc) 2^ 

35 

11 

.2 

Mn (OAc) 2 

36  33 

9 

12 

.  3 

.4 

Co (OAc) 2 

34 

10 

.4 

Na2C03 

33  31 

9 

7 

.  1 

.  1 

NaOAc 

31 

7 

.1 

KOAc 

31 

7 

.1 

Ce(N03) 3 

35  15 

11 

-9 

.  2 

.3 

Cr (OAc) 3 

26 

2 

.  1 

10 


Table  4  —  Self-sustained  combustion  of  AS  fabric 

%  !4t.  Loss  Minus  Burn  Time  Out  of  Oven 


Solution  % 

Wt . 

Loss  Control  %  Wt.  Loss 

!min. 

Pb  +  Bi(OAc') 

39 

28 

.5 

Pb (OAc) 2 

38 

27 

.55 

36 

25 

.45 

Pb  +  Ca  (OAcl 

35 

24 

.4 

Pb  +  Li  (OAo) 

34 

23 

.4 

Bi  +  Na  (OAc) 

33 

23 

.3 

LiOAc 

31 

20 

.25 

Co (OAc) 2 

30 

19 

.25 

30 

19 

.2 

Mn (OAc) 2 

30 

19 

.2 

Ba (OAc) 2 

29 

18 

1.3 

Cu  (OAc) 2 

29 

18 

.25 

CS2CO2 

29 

18 

.25 

Sr (NO3) 2 

28 

17 

.2 

NaOAc 

28 

17 

.1 

CapAc  2 ) 

27 

16 

.2 

V  (oAc)  4 

27 

16 

.  1 

K(OAc) 

27 

16 

1.1 

Ce(N03) 3 

26 

15 

.1 

Fe (OAc) 3 

24 

13 

.15 

Cr (OAc) 3 

18 

7 

.1 

2n  (0Ac)2 

12 

1 

.1 

Mg ( OAc ) T 

11 

0 

1.1 

Control 

11 

- 

.  1 
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3 ,  Contpoaite  Self-Sugtained  Combustion 

This  third  test  has  been  previously  described  in  an 
NRL  report  (3).  Composite  preparation  is  described  in  detail  in 
Appendix  A.  The  fabric  was  laid  up  with  epoxy  and/or  additives 
to  about  30^  by  weight  of  epoxy.  Curing  and  lay-up  procedure  were 
not  carefully  controlled  except  for  the  mechanical  test  samples. 
Additive  weight  percentage  was  measured  to  cipproximately  .01  g 
atoms/100  g.  resin.  The  different  samples  are  listed  in  Table  5. 
The  combustion  test  was  performed  by  igniting  the  epoxy  in  a 
600-700°C  oven,  removing  the  fabric  after  the  epoxy  flame  has 
s  2lf -extinguished,  and  measuring  the  self-sustained  coiwustion 
weight  loss.  As  discussed  in  the  previous  report,  air  flow  had 
a  large  effect  on  combustion,  and  our  results  were  obtained  with 
the  chamber  door  open.  After  fiber  ignition,  visually  observed 
by  sample  glowing  red  at  higher  temperature  than  oven  temperature, 
further  time  in  the  oven  had  no  effect  on  the  self-sustained  weight 
loss.  The  weight  loss  results  are  listed  in  Table  6  for  T-300 
fabric  in  Epon  828,  Table  7  for  AS  fabric  in  Epon  828,  and 
Table  8  for  AS  fiber  in  3501-6  epoxy. 

The  results  in  Table  6  show  the  T-300  Epon  828  composite 
system  loses  all  the  epoxy  in  the  first  minute  and  fiber  combus¬ 
tion  has  begun  in  the  oven.  Upon  sample  removal  from  the  oven, 
the  Cu,  Bi,  and  Pb-treated  samples  continue  combustion;  the  most 
complete  combustion  is  achieved  by  the  Pb  scunples.  The  weight 
loss  percentage  is  similar  for  both  the  6-  and  24-ply  samples  and 
is  substantially  greater  than  the  single-ply  fabric  weight  losses. 
However,  the  weight  loss  rate  for  the  composite  was  inversely 
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Table  5  —  Sample  composites  prepared  for  study 


Table  5  (Cont’d)  —  Sample  composites  prepared  for  study 


fabr.  3501-6  -  .1  FL-33 


Table  6  —  Self-sustained  combustion  of  T-300  composites  after 
oven  ignition  for  1  min. 

Fabric  Total  Wt.  Fiber  Wt.  Burn  Time  Out 


Metal  Cmpd. 

Epoxy 

Ply 

1  .;0 

Epon 

828 

6 

Pb304 

Epon 

828 

6 

BljOj 

Epon 

828 

6 

CuO 

Epon 

828 

6 

Ca(0Ac)^H20 

Epon 

828 

6 

Epon 

828 

- 

Control 

Epon 

828 

6 

Sb203 

Epon 

828 

6 

^304 

Epon 

828 

24 

Epon 

823 

- 

Control. 

Epon 

828 

6 

Epon 

828 

- 

Loss  %  Loss  %  of  Oven  in  Min. 


97 

95 

7.6 

96 

93 

5,2 

92 

87 

5.7 

76 

64 

5.5 

61 

37 

- 

52 

22 

2.6 

50 

26 

1.8 

45 

17 

1.3 

98 

97 

22,0 

97 

96 

- 

42 

9 

2.5 

40 

8 

2.3 
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Table  7  —  Self-sustained  combustion  of  AS  composites  after  oven  ignition  for  1  min. 


Metal 

Cmpd . 

Epoxy 

Fabric 

Ply 

Total  % 
Wt.  Loss 

Fiber  % 
Wt.  Loss 

Burn  Time  Out 
Oven  in  Mins 

PbO 

Epon 

828 

4 

94.8 

87 

8.0 

Pb304 

( . 610) 

Epon 

828 

4 

73.6 

61 

5.6 

Pb304 

( .  305) 

Epon 

828 

4 

56.8 

35.8 

.  85 

CaCO^ 

Epon 

828 

4 

48.2 

20.9 

.45 

PbjO, 

(.122) 

Epon 

828 

4 

43.0 

15 

.  8 

CuO 

Epon 

828 

4 

42.3 

15 

.  45 

Control 

Epon 

828 

4 

44.3 

13.4 

.  35 

Pb304 

Epon 

828 

12 

94.8 

92.9 

15.0 

CuO 

Epon 

828 

12 

35.4 

7.1 

.  7 

Control 

Epon 

828 

12 

35.1 

7.1 

.7 

CaCO^ 

Epon 

828 

12 

34 

7.0 

.  5 
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related  to  number  of  ply?  in  the  composite.  During  the  tests, 
we  observed  that  expansion  oi  the  distance  between  the  fabric 

plys  due  to  turbulence  resulted  in  extinguishing  combustion  of 
the  outside  layers.  If  fanning  out  v;as  extreme,  the  inside  layers 
also  extinguished.  The  longest  coitibustion  time  was  always  achieved 
bj-  the  inside  layers.  We  will  explain  these  observations  in  the 
model  section  by  postulating  that  radiative  heat  loss  is  the  major 
cause  of  extingviishing  and  outside  layer  reaction  prevents  the 
oxygen  reactant  from  reaching  the  inside  layers.  Inside  layers 
continue  combustion  since  their  heat  loss  is  diminished 
by  radiative  adsorption  from  hot  surrounding  layers  but  their 

oxidation  rate  is  slower.  The  single-ply  fabric  experiences  minimal 
self-adsorption  and  therefore  has  the  greatest  heat  loss/unit  area, 
which  results  in  the  lowest  self-sustained  combustion  weight  loss. 

Table  7  lists  the  AS  Epon  828  composite  data.  In  this  system, 
the  control  weight  loss  is  only  '^IS^,  as  compared  to  25^  for  the 
T-300  Epon  828  results.  The  Cu-treated  AS  Epon/828  has  approxi¬ 
mately  the  same  weight  loss  as  the  control,  whereas  Cu-treated 
T-300  lost  over  50^  original  fiber  weight.  Even  the  PbaOa-treated 
six-ply  samples  do  not  achieve  the  same  weight  loss  as  found  for 
Pb304-treated  T-300/Epon  828,  Only  the  PbO  six-ply  and  PbaOA 
12-ply  lost  over  90;^  original  fiber  weight.  The  effect  of  con¬ 
centration  is  shown  in  the  .610  g  PbaOA  (.01  g-atoms  Pb/lOO  g 
resin),  .305  g  (.005  g-atoms  Pb/100  g  resin),  and  .123  g  Pb304 
(.C02  g-atoms  Pb/100  g  resin)  samples  where  the  decreasing  metal 
concentration  results  in  decreasing  fiber  weight  loss.  On  the 
basis  of  this  test  and  others,  the  minimum  effective  Pb304 
concentration  was  determined  to  be  .01  g-atoms/100  g  resin. 
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The  results  of  the  last  system,  AS  fiber  in  3S01-6  epoxy, 
are  shown  in  Table  8.  The  burn  times  out  of  the  ovon  are  extremely 
short  for  all  the  seunples  and  so,  as  a  result,  the  self-sustained 


combustion  weight  losses  are  below  lo^.  Since  the  metals  were 
effective  in  promoting  oxidation  with  the  AS  fiber-Epon  828 
system,  we  iimediately  suspected  that  the  inhibiting  affect  was 
due  to  the  3501-6  epoxy.  A  similar  composite  with  lOX  Pb304  con¬ 
centration  was  also  made  up  and  its  performance  is  listed  in  the 
last  row  of  Table  8.  The  increase  in  Pb304  concentration  was 
able  to  overcome  the  3501-6  epoxy  effect.  However,  this  composite 
had  a  prohibitively  high  amount  of  additive  (6.85  g  Pb304  per 
100  g  epoxy) . 

B.  Microscopy  of  Fibers 

This  section  describes  the  morphology  and  elemental  compo¬ 
sition  of  carbon  fiber  surfaces  after  various  treatments.  The 
data  were  obtained  by  the  use  of  scanning  electron  microscopy 
(SEM)  with  energy  dispersive  x-ray  analysis  (edax)/  Auger  elec¬ 
tron  spectroscopy  (aes)  and  x-ray  photoelectron  spectroscopy 
(XPS,  also  known  as  electron  spectroscopy  for  chemical  analysis, 
ESC.A)  .  We  examined  virgin  fibers  and  composite  fibers  after  the 
epoxy  had  been  burnt  off.  The  composite  analysis  was  limited  to 
samples  which  contained  Pb  additives  since  our  main  interest  was 
oxidative  attack  promoted  by  Pb.  We  also  carefully  examined  the 
3501-6  composite  fibers,  since  the  3501-6  epoxy  residue  had  an 
inhibiting  effect  on  fiber  oxidation. 


Table  8  —  Self-sustained  combustion  of  AS  fiber  3501-6  epoxy  from  oven  ignition 


Temp. 

r°C'of 

Time  In 
/Oven 
‘  Mins  i 

Burn  Time 
Out  of 
Oven (Mini 

Total  % 

T  ^  c  e 

Fiber  % 

TiJ  +■  T  G  c 

Fiber  %  Wt.  Loss  i 

-  Control  i 

%  Wt.  Loss  1 

V*"  ; 

v^ompos  X  u0 

uven 

j 

Control 

800  - 

1 

.25 

33 

10 

;  •? 

0  :  1 

W. 

825 

3 

.25 

52 

33 

^  '  1 

0  ^ 
% 

BI2O3 

800  - 
825 

1 

.38 

34 

11 

1  ■  1 

I  '-i 

■i 

4i 

added 

3 

.29 

48 

30 

-3 

/I 

1 

i' 

1 

Pb304 

800  - 
825 

1 

.85 

39 

14 

4  :  i 

■•1 

added 

3 

.52 

54 

39 

9  1 

'• 

Control 

700  - 

1 

.24 

33 

9 

0  ; 

725 

3 

.26 

51 

33 

J 

0  1 

■■ 

BItO, 

700  - 

1 

.  33 

32 

10 

1 

1 

725 

3 

.  30 

48 

30 

-3 

Pb304 

700  - 
725 

1 

.  81 

41 

17 

8 

i 

3 

.64 

51 

40 

7 

Pb304 

X  10 

700  - 
725 

1.5 

8.6 

86 

81 

48 

Scanning  electron  microscopy  was  used  to  examine  oxi¬ 
dative  attack  enhanced  by  Pb  catalysts.  Figure  2  is  an  SEM 
micrograph  of  the  virgin  AS  fiber  at  2000X  magnification.  The 
striations  in  the  long  direction  of  the  fiber  result  from 
the  PAN  fiber  processing.  These  striations  are  the  only  dis¬ 


tinguishable  features  on  the  virgin  fiber  surface.  Figure  3  is 
a  typical  micrograph  of  partially  burnt  fibers  from  a  PbaO^/Epon 
828  composite.  The  white  film  in  the  center  and  top  is  probably 
PbO  or  Pb304  left  after  the  epoxy  is  burnt  off.  The  film  in 
the  lowest  section  of  the  micrograph  is  epoxy  residue.  The 
morphology  of  the  oxidation  attack  is  highlighted  in  Figure  4, 
where  a  single  fiber  is  displayed  at  high  magnification,  10,000X. 
The  oxidative  attack  appears  to  etch  craters  into  the  fiber  and 
the  craters  are  not  necessarily  associated  with  visible  particles. 
Large  particles,  in  fact,  seem  inert.  Another  SEM  micrograph, 
presented  in  Figure  5,  indicates  that  a  different  mode  of  attack 
also  occurs,  as  evidenced  by  the  transverse  lines  on  the  fibers. 

In  Figures  6a  and  6b,  SEM  micrographs  show  the  AS  fiber 
Pb304/350l-6  epoxy  composite.  Unlike  the  other  composites,  this 
sample  usually  self-extinguished  immediately  after  removal  from 
the  oven  heat  source.  Area  A  appears  similar  to  previous  oxida¬ 
tion  micrographs  with  amorphous  particles  and  craters  present. 

Area  b,  in  contrast,  contains  particles  that  are  crystalline  and 
no  signs  of  oxidative  attack  are  visible. 
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Since  the  morphology  of  the  two  areas  was  so  different,  we 
also  measured  the  x-ray  emission  produced  by  the  electron  bom¬ 
bardment  in  order  to  determine  the  elemental  composition.  The 
x-ray  energies  of  EDAX  spectra  are  specific  to  different  elements 
with  the  proviso  that  elements  of  lower  atomic  number  than  Na 
cannot  be  detected.  The  only  detected  element  in  significant 
concentration  was  Pb  and  the  Pb  x-ray  intensities  were  proportional 
to  the  amount  of  particles  in  the  analysis  area.  Representative 
EDAX  spectrum  are  displayed  in  Figure  7.  This  was  true  of  both 
areas  in  Figure  6  and  the  Pb304-Epon  828  composite.  The  EDAX 
spectra  did  not  indicate  an  elemental  difference  between  the  two 

areas . 

A  major  limitation  of  the  EDAX  elemental  analysis  was  its 
insensitivity  to  light  elements.  Ken  Clark  of  NADC,  who  also 
noted  the  inhibiting  effect  of  AS  3501-6  epoxy,  hypothesized  that 
it  raay  be  due  to  residue  compounds  of  boron  or  fluorine  which  are 
present  in  the  3501-6  epoxy.  Both  elements  are  known  oxidation 
inhibitors.  The  Epon  828  epoxy  only  contains  C,  H  and  0,  whereas 
3501-6  epoxy  contains  C,  H,  O,  S,  and  BF3,  In  order  to  determine 
light  element  composition,  we  utilized  electron  spectroscopy. 

2.  Electron  spectroscopy  analysis  -  surface  elemental 
composition  by  XPS  and  AES 

X-ray  photoelectron  spectroscopy  relies  on  x-ray  bom¬ 
bardment  to  eject  core  level  electrons  from  the  surface  atoms. 


These  electrons  are  collected  and  energy  analyzed  by  subtracting 
the  measured  kinetic  energy  from  the  bombarding  x-ray  energy  to 
determine  the  electron  binding  energy.  Auger  electron  spectros¬ 
copy  (AES)  uses  electron  bombardment  to  create  core  holes  and 
then  analyzes  the  Auger  electrons  which  are  emitted  during 
dexcitation  of  the  atom.  In  both  cases,  the  emitted  electron 
energy  and  intensity  can  be  used  to  determine  the  elements  present 
in  the  sampling  volume.  Since  carbon  is  easily  detected,  our 
results  are  presented  in  atomic  ratios  of  impurity  elements  to 
the  major  element  carbon  in  the  carbon  fibers.  The  concentrations 
are  only  semi -quantitative  due  to  the  heterogeneity  of  the  oxidized 
fiber  surfaces  and  the  extreme  sensitivity  of  electron  emission 

O 

to  surface  depth  (96^  of  the  electrons  belov/  50-100  A  are  inelas- 
tically  scattered  and  never  escape  the  surface) .  The  results  are 
presented  in  Table  9.  XPS  was  used  for  Pb,  0,  C  and  AES  for  S, 

0,  N,  C,  due  to  the  relative  analytical  technique's  elemental 
sensitivity  and  reproducibility.  Sulfur,  oxygen  and  nitrogen  were 
the  major  impurities  on  the  fiber  surface.  Some  sodium  was  also 
found  on  the  T-300  fiber  surfaces.  Boron  and  fluorine  were  not 
detected  on  any  of  the  fiber  surfaces.  The  available  AES  and  XPS 
instruments  did  not  have  sufficient  lateral  resolution  for  single 
particle  analysis. 

The  results  show  that  Pb  surface  concentration  is  directly 
proportional  to  Pb  concentration  in  water  solution  when  the  fiber 
is  solution-dipped  and  also  to  Pb^O^  concentration  in  the  epoxy 
when  the  composite  is  ignited  and  the  fiber  extinguished.  The 
surface  oxvgen  concentration  is  also  quite  high  for  composite 


Table  9  —  Relative  atomic  ratios  of  elements  on  carbon  fiber  surface 


Sample 

carbon 

Oxygen 

Nitrogen 

Lead 

Sulfur 

T-300  Fibers  dipped  in 

XM  Pb(OAc) 2  salt  in  aqueous 

solut ion 

.1  M  Pb 

100 

- 

X 

3.0^ 

- 

.05  M  Pb 

100 

- 

X 

1.6^ 

- 

.01  M  Pb 

100 

- 

X 

.5^ 

- 

Composite 

fiber  after 

epoxy  burnoff 

AS,  .61g,Pb304 

100  g  Epoxy 

828  100 

4.6^,  10.^ 

3.62 

1.1^ 

<.l2 

AS, .12g, 
Pb304/100g 
Epoxy  828 

100 

4.1^,  1.2^ 

2.92 

.2^ 

<.l^ 

AS, . 6g  PB3O4 
lOOg  3501-6 

100 

22^,  7.5^ 

2.32 

2.3^ 

2.6 

Virgin  fiber  from  fabric  with  finish 


AS 

100 

.2= 

2.22 

- 

<.l2 

T-300 

100 

.3^ 

3.i2 

- 

- 

^XPS  measurements 
2 

AES  measurements 
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fibers,  with  the  35C1-6  epoxy  leaving  larger  amounts  than  the 
Epon  828  at  the  seune  Pb304  epoxy  concentration.  In  terms  of 
oxid.ative  promotion,  we  note  that  treatments  which  leave  <Vfo 
Pb  had  a  much  higher  SIT  (.OlM  Pb  water  solution)  and  did  not 
sustain  combustion  (.12  g  Pb304  in  Epon  828).  However,  the  pb 
concentration  on  the  AS  fiber  from  the  3501-6  epoxy  is  >1%  and 
the  anomaly  in  the  oxidative  reactivity  is  not  explained  by  low 
Pb  concentration. 

Both  measurements  of  oxygen  intensities  confirm  the  high 
oxygen  surface  concentration  in  the  composite  fibers.  Nitrogen 
impurity  from  the  PAN  fiber  precursor  was  also  detected.  The 
only  3501-6  residue  element,  which  was  not  present  in  a  significant 
amount  from  any  of  the  other  fiber  treatments,  was  sulfur.  Boron  and 
fluorine  concentrations  were  below  detection  limits,  <.1>^. 

In  summary,  the  microscopy  section  shows  the  morphology  of 
oxidative  attack.  The  anomaly  of  the  two  areas  in  3501-6  AS  fibers 
was  not  correlated  with  a  difference  in  elemental  composition. 

The  3501-6  epoxy  left  a  detectable  S  residue  in  contrast  to  the  Epon 
828.  Sulfur  is  a  known  oxidative  inhibitor  and  may  also  have  com¬ 
bined  with  Pb  to  make  the  Pb  relatively  inert;  PbSO^  has  been  reported 
as  the  least  effective  Pb  salt  (1) .  Further  experimental  work  would 
have  to  be  performed  in  order  to  clarify  the  inhibiting  effect  of 
3501-6  epoxy  residue. 
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C.  Effect  on  Oxidation  of  Experimental  Conditions 


During  the  above  experimental  research  it  was  found  that 
several  experimental  conditions  had  an  effect  on  the  combustion 
characteristics.  Two  of  the  variables  were  examined  in  detail  by 
varying  the  experimental  conditions  and  measuring  the  weight  loss 
rate  and  ignition  temperatures. 

1.  Air  Flow  and  Sample  Geometry 

The  effect  of  air  flow  has  been  previously  noted  in 
that  low  air  flows  reduced  the  combustion  enhancement  by  the  pro¬ 
moters  (3).  The  relationship  between  air  flow  and  weight  loss 
was  investigated  using  the  DuportTGA.  The  weight  loss  vs.  temp¬ 
erature  curves  were  produced  at  the  same  heating  rates  on  equiva¬ 
lent  samples  with  different  air  flows.  The  results  are  presented 
in  Table  10.  The  combustion  rate  equals  the  rate  of  sample  weight 
loss  after  ignition.  In  Table  10,  the  combustion  rate  follows  an 
(air  flow)  relationship,  as  shown  by  the  comparison  between 
the  columns  (Airflow/50  ml)^  and  the  Rate  Norm  to  50  ml  Rate.  This 
relationship  has  been  used  to  describe  a  diffusion-controlled 
reaction  where  the  concentration  of  the  gas  reactant  at  the  surface 
is  the  controlling  factor.  The  increase  in  laminar  flow  velocity 
reduces  the  "stagnant"  film  thickness  of  product  gases  at  the 
film  surface.  The  oxygen  diffusion  rate  is  determined  by  its  diffu¬ 
sion  coefficient  and  the  thickness  of  the  film. 

The  preceding  data  were  obtained  when  the  samples  remained 
in  the  heat  source.  In  the  self-sustained  combustion  mode,  the 
percentage  of  fiber  weight  loss  has  also  been  correlated  to  aii 
flow  (4) .  At  air  flows  higher  than  natural  convection,  it  was, 
invariably,  found  that  composites  achieved  greater  weight  loss 
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Table  10  —  The  effect  of  air  flow  in  fiber  combustion 


Material 

Air  Flow 
( ml/min . ' 

/Air  Flow 
/  ^0  ml 

Combustion 

Rate 

%/min. 

Rate 

Norm  to 

50  ml  rate 

SIT 

(I£l 

T-300  6  ply 
composite  control 

50 

1 

6 

1 

580 

150 

1.7 

11 

1.8 

575 

T-300  6  ply 
composite 

50 

1 

6 

1 

500 

150 

1.7 

11 

1.8 

485 

250 

2.2 

18 

3 

475 

/Air  Flow 
/  30  ml 

Norm  to 

30  ml 

T-300  tow 

Pb  Acetate 
solution 

250 

2.9 

24.8 

2.1 

370 

30  ml 

1 

11.7 

- 

- 

I 
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percentage  up  to  the  90-955^  limit.  Such  promoters  as  bismuth 
and  copper  were  found  to  be  effective  under  these  conditions. 

The  0.1  g  atom/100  g  ^^30^  treated  AS  fiber  3501-6  epoxy  com¬ 
posite  also  experienced  90-95^  wt.  loss  at  higher  flow  rate 
conditions. 

Another  experimental  observation  was  that  the  normalized 
weight  loss  rate  of  multi-ply  composites  was  approximately 
inversely  proportional  to  the  number  of  plies  in  the  composite. 

The  slower  rate  for  thick  composites  is  explained  by  the  outside 
layer  reaction  depleting  the  oxygen  content  in  the  gas  making 
contact  with  the  inside  layers  and  thereby  decreasing  the  total 
rate  of  oxidation.  During  the  combustion/  the  observer  can 
easily  note  the  outside  layers  extinguishing  first,  while  the 
inside  layers  continue  combustion.  The  total  weight  loss  is 
actually  greater  for  the  slow  inside  layers  due  to  the  heat  loss 
shielding  of  the  outside  layers.  Total  weight  percent  loss  was 
independent  of  number  of  plies  after  a  certain  minimum  number 
had  been  reached. 

2.  Fuel  Fire  Heat  Source 

In  order  to  simulate  the  reducing  environment  of  an 
accidental  fuel  fire,  the  composite  scimples  were  ignited  in  a  methanol 
fire  whose  approximate  temperature  was  700-800®C  (measured  by  a 
thermocouple  placed  above  the  fire  in  the  sample  position) .  Three 
testa  were  performed.  In  Test  A,  the  amount  and  rate  of  fiber 
weight  loss  were  measured  within  an  open  dish  methanol  fire.  In 
Test  B,  the  composite  was  ignited  in  a  deep  dish  with  very  limited 
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access  to  air.  In  Test  C,  the  composite  was  removed  from  the  fuel 
fire  and  the  weight  loss  measured  for  self-sustained  combustion 
with  open  access  to  air. 

The  open  flame  data  from  Test  A  is  presented  in  Table  11. 

The  T-300/Epon  828  composites  with  Pb304,  PbO,  CuO,  and  Bi203 
additives  showed  a  high  rate  of  combustion  (17^/min.),  while 
the  control  sample  combustion  rate  was  only  1.6?t./min.  The  Pb 
compounds  were  also  effective  in  the  other  composite  systems. 

The  surprising  result  was  the  93^  fiber  weight  loss  in  the  Pb304- 
treated  AS  3501-6  cor.posite.  In  this  system,  the  reported  6^/min. 
rate  loss  describes  the  weight  loss  after  an  initial  s^^-w  induc¬ 
tion  period.  This  high  wt.  loss  rate  was  not  observed  when  the 
composite  3501-6  sample  remained  in  the  furnace  at  atmospheric 
environment  and  approximately  the  same  temperature. 

Test  B  results,  presented  in  Table  12,  show  that  fiber  con¬ 
sumption  within  an  oxygen- starved  region  of  a  fuel  fire  is  very 
slow.  One  can  therefore  expect  a  substantial  number  of  carbon  fibers 
to  survive  this  type  of  fire  intact.  Finally,  the  self-sustained 
combustion  results  of  Test  C  in  Table  13  confirm  the  effectiveness 
of  Pb  and  Bi  for  the  Epon  828  composites.  It  was  also  discovered 
that  Pb-treated  3501-6  composites  exhibit  self-sustained  combus¬ 
tion  after  exposure  to  the  fire  for  over  2.5  minutes.  The  time 
for  epoxy  burnoff  was  <1  rain.  Shorter  exposure  times  resulted 
in  immediate  extinguishing  upon  removal  from  the  fire.  Sample 
duration  within  the  heat  source  beyond  one  minute  for  epoxy 
burnoff  was  not  important  for  other  fire  or  oven  self-sustained 
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Table  12  —  Closed  fuel  fire  combustion  of  6  ply  T-300  Epon  828  composites 

(Test  B)^ 

Total  %  Fiber  %  Time  Rate 

Sample  Wt .  Loss  Wt.  Loss  (min . )  Fiber  %  Wt.  Loss/Min. 

Pb30^  56  32  10  3.2 

PbO  43  12  10  1.2 

CuO  46  6  10  0.6 

Control  36  5  10  0.5 

Bi202CO3  33  -5  9 

^Performed  in  deep  dish  with  limited  air  accessibility. 
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Table  13  Composite  self-sustained  combustion  after  removal  from  a  fuel  fire  ignition 
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combustion  tests.  The  explanation  may  be  that  the  reducing  fuel 
fire  succeeds  in  removing  any  inhibiting  residue  from  the  3501-6 
epoxy.  Upon  residue  removal,  the  oxidation  reaction  is  susceptible 
to  promotion.  Thus,  the  fuel  fire  environment  may  remove  the 
3501-6  residue  left  in  the  oven  tests  and  activate  the 
oxidation  promoter.  It  is  probable  that  the  severe  exposure  con¬ 
ditions,  which  would  lead  to  the  most  fiber  release,  would  also 
remove  the  residue. 


D.  Mechanical  Testing  of  Composites 


Three  4-ply  fabric  con^osites  were  prepared  for  mechanical 
tasting  of  the  effect  of  additives  on  the  strength  of  the  composites. 
The  composite  preparation  is  described  in  Appendix  A.  In  this  case, 
a  post-treatment  at  400 “F  for  four  hours  to  ensure  maximum  epoxy 
cure  was  also  done.  The  composites  consisted  of  4-ply  AS  fabric 
with  3501-6  epoxy  and  .01  g  atom/lOO  g  epoxy  of  PbaOa  and  Bi203 
in  the  case  of  epoxy-treated  composites. 

The  45°  off  axis  tensile  test  was  performed  on  sections  5" 
long  by  .5"  ±  .005",  cut  by  a  diamond  saw.  Plastic  tabs  were 
glued  onto  the  ends  with  Eastman  910  and  set  at  room  temperature 
overnight.  The  tensile  test  was  on  an  Instron  tensile  strength 
test  instrument  at  .05  in/min.  The  results  are  presented  in 


Table  14.  No  significant  differences  were  measured  between  the 
control  and  the  powder-treated  epoxy  composites. 
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Table  14  —  Mechanical  testing  of  composites  by  45°  off  axis  tensile  test 
Sample  Thickness  psi 

Pb304 

.083 

40,500 

.085 

43,100 

BijOj 

.083 

45,400 

Bi^Oj 

.082 

47,300 

Control 

.082 

43,300 

Control 

.083 

40,700 

III.  DISCUSSION 


A.  Comparison  with  Results  of  JPL  and  NADC 

Two  other  laboratories  have  also  carried  out  research 
upon  the  use  of  metal  additives  to  promote  carbon  fiber  oxidation. 

The  air  flow  dependence  noted  by  Ken  Clark,  et  al,  has  been 
referred  to  in  previous  sections  (3).  He  confirmed  the  effective¬ 
ness  of  Pb  and  Bi  compounds  as  additives  in  self-sustained  com¬ 
bustion  after  ignition.  Two  types  of  burn  tests  were  employed  at 
NADC,  a  continuous  burn  test  where  the  blast  burner  used  a  fuel- 
air  mixture  and  a  self-sustained  combustion  test  where  the  composites 
were  ignited  with  a  reducing  fuel  flame  with  a  limited  oxygen 
supply.  These  tests  are  similar  to  the  fuel  fire  tests  performed 
at  NRL  in  Section  II. C  of  this  report.  In  the  continuous  test, 
composites  with  Pb  and  Bi  additives  burned  at  a  higher  rate  than 
other  samples?  these  composites  also  consistently  lost  more  weight 
xn  the  second  test.  The  reducing  flame  test  data  also  confirmed 
that  sentially  no  fiber  weight  loss  occurred  during  exposure 
to  a  reducing  flame  environment.  The  NADC  investigation  included 
the  use  of  primer  paints  with  additives,  and  the  results  indicate 
that  this  treatment  also  increases  fiber  weight  loss.  The  NADC 
SEM  micrographs  also  display  the  residue  left  from  3501-6 
compos: tes. 

The  JPL  results  have  been  reported  to  us  strict-.ly  on  an  informal 
basis. (5)  In  this  work,  they  concentrated  on  Ca  as  the  additive. 

They  have  mea,  id  the  effect  of  additives  by  TGA  and  differential 
scanning  calorimetry  (dsc) .  The  Ca  (acetate) 2  additive  was  found 
to  lower  the  50^  fiber  weight  loss  mark  from  STC’C  to  510-520®C. 
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Fiber  release  measurements  showed  ^.hat  the  Ca  additive  consider¬ 
ably  reduced  the  amount  of  fibers  released  during  a  fire  scenario. 
They  also  reported  a  synergistic  effect  where  the  mixture  additive 
of  Li  and  Ca  or  K  and  Ca  produced  more  fiber  oxidation  than 
straight  addition  of  the  effects  of  lone  promoter  addition. 

Since  the  above  results  were  presented  informally,  our  critique 
is  conditional.  A  comparison  between  our  work  and  JPL ' s 
results  is  difficult  owing  to  the  different  tests  that  were  performed. 
However,  we  would  like  to  emphasize  certain  points.  First,  we  found 
Ca(0Ac)2  additives  less  effective  than  several  other  additives. 
Experimental  data  has  been  presented  in  SIT  for  fibers  soaked  in 
metal  acetate  aqueous  solution  and  self-sustained  combustion  for 
fabrics  and  composites.  These  results  were  also  obtained  by  Reardon 
et  al  of  and  Ken  Clark  of  NADC^*^^.  Second  we  did  not 

observe  a  synergistic  effect.  tAjhen  mixtures  were  used  in  our 
tests,  the  additives'  performance  simulated  the  effect  of  the  more 
active  catalyst  by  itself.  At  this  point  further  discussion  and 
experimental  work  is  necessary  before  JPL  and  NRL  work  can  be 

directly  compared. 

B.  Carbon  Combustion  Model 

The  preceding  data  are  a  collection  of  empirical  observa¬ 
tions  without  a  framework  of  basic  understanding  to  explain  the 
significance  of  experimental  results.  The  purpose  of  the  follow¬ 
ing  discussion  is  to  provide  this  framework  by  developing  a  model 

which  describes  the  heat  transfer  process  at  the  surface  of  the 
carbon  fibers  during  combustion.  The  modal  was  developed  under 

( 9 ) 

a  complementary  ONR-supported  program  at  NRL  .  The  model  is  bas^d 
on  the  thermodynam.ic  law  that  the  heat  generated  at  the  carbon  surface 
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by  the  oxidation  reaction  must  be  balanced  by  the  heat  loss 
mechanisms.  Similar  models  have  been  developed  for  solid  fuel 
combustion  by  D.  B.  Spaulding  (6).  Heat  and  mass  transfer 
calculations  are,  of  course,  some  of  the  basic  pillars  of 
chemical  engineering. 

The  model  development  is  divided  into  five  sections.  The 
heat  generation  process  of  carbon  oxidation  is  described  first 
and  appropriate  Arrhenius  equation  values  are  derived  from 
experimental  measurements  for  lead-treated,  sodium-treated  and 
virgin  fibers.  A  calculation  of  convective  and  radiative 
heat  losses  for  different  carbon  fiber  structures  is  presented 
second.  Third,  by  calculating  geometric  surface  are-. 'wt.  for 
different  carbon  fiber  structures,  the  heat  generation  kinetics 
which  were  measured  in  terms  of  weight  are  correlated  to  heat 
loss  which  was  determined  in  geometric  surface  area.  The  fourth 
section  presents  the  heat  balance  model  for  self-sustained 
combustion  by  combining  the  heat  generation  and  heat  loss  equa¬ 
tions  and  explains  the  effect  of  catalysts  and  other  variables. 

The  last  section  correlates  this  model  with  the  experimental 
observat ions . 

1.  Reaction  Rate 

The  kinetics  of  carbon  oxidation  have  been  studied 
extensively  due  to  the  importance  of  carbon  combustion  in  industry. 
As  in  many  kinetic  problems,  the  actual  mechanisms  of  carbon  oxi¬ 
dation  and  metal  promotion  are  still  unknown.  Most  studies  have 
concentrated  on  defining  the  reaction  kinetics  in  terms  of  the 
Arrhenius  equation  and  predicting  the  ten^erature  dependence  of 
the  reaction.  ‘In  general,  these  experimentally  derived  Arrhenius 
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parameters  are  limited  to  the  carbon  matrix  under  study  and 
different  forms  of  carbon  have  generated  large  variations  in  the 
numerical  values.  The  physical  significance  of  the  Arrhenius 
equation  is  still  in  doubt  for  this  reaction. 

The  behavior  of  the  carbon  oxidation  reaction  has  been 
traditionally  divided  into  three  temperature  zones,  defining 
different  sets  of  reaction  kinetics.  The  kinetics  in  the  low 
temperature  zone  1  are  dominated  by  the  chemical  rate  of  the 
oxygen  and  carbon  reaction.  At  the  very  high  temperatures  of 
Zone  3,  the  chemical  rate  becomes  so  fast  that  an  oxygen-depleted 
layer  develops  at  the  carbon  surface.  As  a  result,  the  reaction 
rate  is  controlled  by  oxygen  diffusion  through  the  product  gases 
of  carbon  monoxide  and  carbon  dioxide.  At  intermediate  tempera¬ 
tures,  the  pore  infrastructure  of  most  carbons  produces  local 
oxygen  pressure  variations  and  oxygen  diffusion  within  the  pores 
becomes  a  critical  factor  in  the  kinetics.  The  general  rate 
equation  is; 

R  -  K 

where  K  equals  the  chemical  rate.  The  concentration  of  oxygen 
at  the  surface  is  also  dependent  on  mass  transport  rates  approximated 

^diff  ^  ^  ^^^2^gas  ~  surface^ 

where  3  =  diffusion  coefficient. 

If  one  accounts  for  both  the  oxygen  diffusion  rate  and  the 
carbon/oxygen  reaction  rate,  the  eauilibrium  [O2]  surface  concentration 
is  given  by; 

^  ^*^2^  surface  ~  ®  ^^^2^gas  ~  ^^2^  surface^ 
and  by  eliminating  [*^2 ^  surfac® 
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In  +;he  low-temperature  (Zone  1)  regime,  K  «  3,  so  the  chemi¬ 
cal  rate  dominates  while  the  opposite  is  true  at.  high  temperature 
(zone  3) . 

For  the  purpose  of  defining  the  heat  generation  kinetics,  we 
are  interested  in  describing  reaction  rate  dependence  on  tempera¬ 
ture.  In  the  low  temperature  Zone  1,  this  dependence  is  affected 
by  the  chemical  reaction  kinetics,  which  can  be  approximated  by 
the  Arrhenius  equation  defined  below: 

K  .  Ae-'^A/RT 

K  =  reaction  rate 
A  =  pre-exponential  factor 
=  activation  energy 
R  =  gas  constant 

T  =  temperature  of  carbon  surface  in  ®K 

The  rate  units  are  determined  by  the  units  of  A,  the  pre¬ 
exponential  factor.  In  this  equation,  activation  energies  are 
associated  with  different  metal  catalysts,  while  A  is  affected 
by  catalyst  coverage.  Assuming  that  zone  1  kinetics  dominate 
below  ignition,  we  have  made  rate  measurements  of  weight  loss  vs 
temperature  with  the  Dupont  TGA  instrument.  The  experimental 
details  are  described  in  a  corollary  work  (9).  The  results  for 
the  three  fiber  tows  are  the  following: 


4b 


=  9x10^ 
Pd 


=  1.9x10®  kcal/RT 


K  .  T  =  1.8x10®  e"®®  kcal/RT 
control 


The  conditions  are  ambient  atmospheric  composition  and  the  treated 
samples  were  dipped  in  .IM  aqueous  solutions.  The  units  of  K  for 
these  numerical  values  are  calories/cm  in  order  to  balance  heat 
generation  against  heat  loss.  The  calorie  conversion  is  based  on 
the  average  AH  of  CO  and  CO2  production  from  C  +  O2,  5  kcals/g  carbon. 
The  conversion  from  measured  weight  loss  rate  to  surface  area  units 
will  be  discussed  in  the  surface  area  section.  In  terms  of  the 
heat  balance  model,  the  validity  of  the  Arrhenius  equation  is  not 
too  critical.  The  important  number  is  the  temperature  at  which  the 
rate  becomes  significant,  this  is  fairly  accurately  determined  by  the 
two  fitting  parameters.  Large  errors  in  either  parameter  are  compen¬ 
sated  for  by  the  other  parameter  when  fit  to  the  measured  oxidation  rate 
In  our  corollary  work  we  discuss  the  analytical  and  physical 
significance  of  these  equations (9) . 

At  some  oxidation  rate,  the  rate  becomes  so  high  that  the 
concentration  of  oxygen  at  the  carbon  surface  goes  to  zero  and  the 
mass  transport  kinetics  of  Zone  3  become  rate-limiting.  In  this 
zone,  the  temperature  dependence  of  B,  the  diffusion  coefficient, 
dominates  the  reaction  rate  temperature  dependence.  Since  8  has 
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1  7 

an  approximate  dependence  of  T  *  ,  the  transition  from  Zone  1  to 
Zone  3  is  marked  by  a  decrease  from  the  exponential  temperature 


dependence  of  the  chemical  rate  to  the  diffusion  temperature  dependence. 
This  transition  can  be  experimentally  observed  at  low  oxygen 
partial  pressures  where  ignition  does  not  occur  and  a  typical 
plot  from  the  literature  (7)  is  shown  in  Figure  8  where  In  (reac¬ 
tion  rate)  is  plotted  against  1/T  for  pure  carbon  oxidation.  At 
atmospheric  oxygen  pressure,  ignition  invariably  occurs  and  a 
steady  burning  temperature  and  ^  diffusion-limited  rate  is  achieved. 
Since  the  diffusion  process  is  dependent  on  the  thickness  of  the 
"stagnant  film"  of  product  gases,  the  oxidation  rate  is  propor¬ 
tional  to  the  square  root  of  the  flow  velocity.  Our  experimentally 

2 

observed  steady  burning  oxidation  rate  is  2  ±  .5  cals/cm  sec  under 
natural  convection  and  ambient  room  temperature.  The  carbon  sur¬ 
face  tert^erature  at  this  point  was  measured  by  an  infrared  radio¬ 
meter  to  be  700-7 50 °C,  Carbon  oxidation  rates  of  the  samples  can 
then  be  simulated  by  the  three  Arrhenius  equations  up  to  the 
diffusion-limited  rate. 

2,  Heat  Loss 

The  first  section  describes  heat  generation  at  the  car¬ 
bon  surface;  by  describing  heat  loss  in  this  section,  we  will  set 
up  the  equations  for  the  heat  balance  model. 

Heat  loss  from  the  carbon  surface  can  occur  by  conduction  in 
the  sample,  convection  to  the  air,  and  radiation  from  the  surface. 

Due  to  the  small  sample  dimensions,  one  can  ignore  sample  conduction. 


(g/cm^sec) 


We  will  also  treat  convection  as  free  or  natural  convection  and 

ignore  forced  convection  which  might  dominate  under  higher  air 

flow  conditions  (i.e.,  high  wind).  In  general,  convective  heat 

loss  dominates  at  low  AT  between  the  carbon  surface  and  sxxrround- 

ing  gas,  while  radiation  heat  loss  takes  over  at  large  AT  due 
4 

to  its  T  dependence. 

The  free  convection  equation  is  derived  from  Brown  and  Marco's 
"Introduction  to  Heat  Transfer"  (lo).  Similar  treatments  are 
available  from  most  introductory  heat  transfer  treatments.  In 
general,  convection  heat  loss  is  described  by  the  following  equation 

O  =hrT  -T^ 

conv  c  '  surface  gas^ 


The  critical  parameter  is  h^;  the  coefficient  depends  on  AT 

between  the  surface  and  surrounding  gas  and  the  object  dimensions. 

Using  the  infrared  measured  ten^erature  of  750°C  for  burning 

carbon  fiber  fabric,  the  dimensions  of  tows,  fiber  and  fabric, 

and  approximations  when  possible,  we  found  single  fibers  had  the 

largest  h  ,  4x10  cals/cm  sec  while  tow  h  was  1x10  cals/ 

C  c 

2 

cm  °C.  The  detailed  calculations  are  presented  in  Appendix  B. 

The  radiative  heat  loss  calculation  is  fairly  straightforward, 
being  described  by  the  following  equation: 


=  E  a  (T 


surf 


E  =  emissivity  .9  for  black  carbon  surface 

-12  2 

a  =  Stefan's  constant,  -1.36x10  cal/ cm  sec  °K 


Again,  heat  loss  is  given  in  terms  of  geometric  surface  area. 

The  total  heat  loss  is  simply  the  addition  of  the  linear  con- 

4 

vective  term  and  the  T  radiative  heat  loss. 
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3 .  Rate  Conversion 

Before  combining  the  heat  equations  into  a  heat  balance 

model,  the  oxidation  rate  must  be  converted  from  grams [grams  sec 

to  calsjcm  sec.  This  allows  direct  comparison  between  heat  input 

and  heat  loss.  In  this  case,  we  are  only  interested  in  the 

geometric  surface  area  since  this  is  the  critical  factor  in  heat 

loss.  The  reaction  surface  area  is  probably  greater  due  to  surface 

roughness  and  some  porosity.  The  actual  conversion  factor  depends 

on  fiber  unit  (fiber,  tow  or  multi-ply  fabric)  and  the  produce 

gas  (02+2C-*-2CO,  AH=2 . 2  kcals | q  carbon,  02+2C-»-C02,  AK=7.8  kcaljq 

carbon) .  The  calorie  conversion  was  made  on  the  basis  of  a  1  to  1 

mixture  of  CO  and  CO2  which  is  an  approximate  value  (1,6). 

The  single  fiber  geometric  surface  area  was  calculated  using 

a  cylindrical  fiber  with  a  diameter  of  7-3  urn  and  a  density  1.8  g!cm^. 

3  2 

The  resulting  conversion  factor  was  6  x  10  cm  |g.  The  tow  surface 
area  was  calculated  from  a  measured  diameter  of  800  urn  (roughly 

twice  the  calculated  close  packed  diameter  of  3,000  fibers), 

,  ,  2 1 
giving  an  approximate  value  of  50  cm  |g.  The  single-ply  fabric 

2 

has  one-half  surface  area,  25  cm  ,  while  multi-ply  fabrics  are 
essentially  the  two  outside  layers  plus  the  smaller  area  due  to 
thickness.  This  leads  to  an  approximate  inverse  relationship 
between  surface  area  and  number  of  plies. 

The  multi-ply  and  tov;  conversion  factors  assumes  that  reaction 
only  takes  place  at  the  outside  surfaces.  Our  experimental  observa¬ 
tion  is  that  reaction  takes  place  within  the  inside  layers,  too. 
However,  outside  layer  reaction  is  much  faster  and  the  initial 
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weight  normalized  reaction  rate  does  follow  an  inverse  relation¬ 
ship  with  number  of  plies.  A  good  approximation  is  that  inside 
layer  reaction  is  significant  only  after  outside  layer  reaction 
has  extinguished. 

4.  Heat  Balance 

In  the  preceding  sections  the  equations  for  heat 
generation  by  carbon  oxidation,  heat  loss  by  radiation  and 
convection  have  been  developed.  In  this  section  we  apply  these 
equations  to  model  the  combustion  of  the  carbon  surface  in  order 
to  explain  the  experimental  data. 

The  experimental  seauence  for  combustion  testing  was  the 
following;  (1)  The  carbon  sample's  surface  temperature  was  raised 
by  an  external  heat  source.  At  each  temperature  increase  the  carbon 
oxidation  reaction  accelerates,  but  the  additional  heat  generated 
is  balanced  by  convective  heat  loss  (dominates  at  small  iT  between 
surface  and  ambient) .  (2)  At  the  ignition  temperature  the 

oxidation  reaction  accelerates  too  quickly  for  heat  loss  compensa¬ 
tion  and  therm.al  runaway  occurs.  The  surface  temperature  is  now 
much  hotter  than  the  ambient  temperature.  At  this  high  tempera¬ 
ture  the  combustion  rate  is  limited  by  the  diffusion  rates  of  oxygen 
to  the  surface.  The  temperature  is  determined  by  the  heat 
balance  between  the  heat  loss  (primarily  radiative  heat  loss  at 
large  AT)  and  the  heat  generated  by  the  reaction.  (3)  The  sample 
is  removed  from  the  heat  source  so  that  ambient  has  dropped  to 
room  temperature  and  the  rate  of  heat  loss  at  the  carbon  surface 
is  increased.  As  a  result,  the  combustion  temperature  drops.  At 
the  lower  combustion  temperature,  the  oxidation  reaction  either  generates 
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enough  heat  to  balance  the  heat  loss  (self-sustained  combustion) 
or  extinguishes.  In  all  stages,  the  burning  rate,  carbon  surface 
temperature,  and  extent  of  self-sustained  combustion  are  directly 
dependent  on  the  heat  balance  at  the  carbon  surface. 

The  heat  balance  model  for  a  single  tow  of  T-300  fibers 

with  natural  convection  and  atmospheric  conditions  is  illustrated 

in  Figure  9.  The  x-axis  is  the  tow  surface  temperature  and  the  y- 

2 

axis  IS  the  heat  generated/lost  in  cals/cm  sec  at  the  carbon 

surface.  The  experimental  curves  ^Na'  ^control 

respectively,  heat  generated  by  Pb  catalyzed.  Na  catalyzed  and 
uncatalyzed  carbon  oxidation  at  the  surface  of  the  tow  (derived) 
from  Section  III.l  equations).  Curve  A  represents  the  total  heat 
loss  (convection  and  radiation)  from  the  tow  in  room  temperature 
air.  Curve  C  represents  the  total  heat  loss  into  an  ambient  of 
315^C.  The  heat  loss  is  directly  dependent  on  the  difference 
between  the  tow  surface  temperature  and  the  ambient  temperature 
of  the  surrounding  air.  The  heat  generated  is  only  dependent  on 
the  carbon  oxidation  kinetics. 

We  will  now  examine  the  combustion  phenomenon  using  the  Pb 
doped  tow  as  an  example.  In  this  initial  step,  the  sample's 
surface  temperature  is  raised  by  increasing  the  ambient  temperature 
Ta.  Referring  to  Figure  9  one  follows  the  process  by  moving  right 
on  the  x-axis.  For  low  surface  temperature  the  slope  of  the  heat  loss 
curve  is  greater  than  the  slope  of  Kpj^.  The  surface  temperature 
stabilizes  at  a  small  AT  above  the  ambient  and  the  heat  produced 
by  oxidation  is  too  small  to  be  observable  in  Figure  9.  As  the 
temperature  increases  at  some  point  the  slope  of  3Kpj^/3T  becomes 
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greater  than  the  slope  of  the  heat  loss  curve.  This  defines  the 
ignition  temperature  which  for  Pb  doped  tows  is  illustrated  in 
Figure  9.  The  spontaneous  ignition  temperatures  for  Pb,  Na  and 
undoped  tows  are,  respectively,  375®C,  475®C,  and  550°C.  At 
ignition  the  exponential  dependence  of  the  chemical  kinetics  in¬ 
creases  the  generated  heat  until  the  oxidation  rate  becomes 
dominated  by  mass  transport.  The  diffusion  limited  region  is 


shown  by  the  .  line  in  Figure  9  and  has  a  much  reduced 

diffusion 

temperature  dependence.  For  the  ambient  T  =  325°C  the  steady 
state  burning  temperature  is  very  high,  described  by  the  inter¬ 


section  of  the  total  heat  loss  curve  with  ambient  temperature 


T^  =  375°C  and  the  diffusion  limited  heat  input. 

In  the  last  step,  the  sample  is  removed  from  the  heat  source. 
The  total  heat  loss  is  now  described  by  curve  A?  the  heat  loss 


curve  has  moved  substantially  to  the  left.  It  is  apparent  that 


only  the  Pb  catalyzed  reaction  rate  crosses  the  room  temperature 

heat  loss  curve  prior  to  the  onset  of  the  diffusion  limited  regime. 

The  Pb  catalyzed  tows  will  sustain  combustion  at  the  steady  state 

temperature  labelled  0.  The  experimentally  observed  rate  of  2 
2 

cals/cm  sec  and  temperature  of  725 °C  agree  with  the  point  0. 

The  chemical  oxidation  rates  of  Na  and  untreated  tows  become 
diffusion  limited  prior  to  crossing  the  heat  loss  curve  into  a 
room  temperature  ambient  and  cannot  generate  sufficient  heat  to 
sustain  combustion. 

This  model  explains  the  combustion  phenomenon  and  the  effect 
of  metal  catalysts  upon  that  phenomenon.  The  critical  factor  for 


self-sustained  combustion  is  that  the  chemical  rate  of  heat 
generation  must  cross  the  room  temperature  heat  loss  curve  before 
mass  transport  kinetics  limit  the  oxidation  reaction  teiiiperature 
dependence . 

Figure  9  was  limited  to  a  heat  balance  model  of  single  tows 
at  ambient  room  temperature  and  natural  convection  conditions.  In 
the  experimental  sec:  ions,,  we  have  observed  other  factors  which 
affect  burning  parameters.  This  section  explains  these  effects 
in  terms  the  heat  balance  model. 

Anibient  temperature;  Ambient  tempera -ure  is  the  zero  point 
for  the  heat  loss  curve.  As  it  is  raised,  the  steady  burning 
point,  which  is  the  intersection  of  heat  loss  and  diffusion  oxida¬ 
tion  rate,  will  be  raised  in  temperature.  This  allows  less 
effective  catalysts  to  sustain  combustion. 

Sample  geometry;  Heat  generation  and  radiative  heat  loss 

calibrated  per  unit  geometric  surface  area  are  not  affected  by 

•  2 
sample  size.  However,  convective  heat  loss  (normalized  to  cm  ) 

increases  considerably  with  reduction  of  sample  size.  This  is 

2 

shown  by  fiber  convective  heat  loss/cm  geometric  surface  area 
being  40  X  greater  than  tow  loss.  The  increase  in  convective  heat 
loss  means  that  the  Pb-catalyze4  oxidation  rate  will  never  sustain 
combustion  of  single  fibers  under  room  temperature  and  convection 
conditions.  The  decrease  in  convective  heat  loss  with  size 
probably  accounts  for  higher  weighii  loss  for  single-ply  fabrics 
than  tows  since  the  heat  loss  curve  Vs  shifted.  Multi-^)ly  fabrics 
have  a  large  decrease  in  heat  loss  due  to  radiative  absorption  by 
surrounding  layers. 
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Air  flow  velocity i  Laminar  flow  velocity  increases  the  dif¬ 
fusion  control  rate  by  (velocity) since  it  reduces  the  stagnant 
film  thickness  by  the  same  power.  It  also  increases  convective 
heat  loss  by  (velocity)^*®  (lo).  Under  natural  convection  condi¬ 
tions,  convection  heat  loss  is  a  small  percentage  of  total  heat 
loss.  Therefore,  initial  increase  of  flow  velocity  results  in 
higher  burning  temperature  conditions  which  enable  lower  chemical 

oxidation  rates  to  sustain  combustion.  This  was  observed  by  Ken 
Clark  at  NADC  (4) .  As  convective  heat  loss  becomes  a  greater 

proportion  of  total  heat  loss,  its  higher  power  dependence  on 
velocity  takes  over  and  leads  to  lower  temperatures  for  sustained 
combustion,  causing  reaction  shut-off. 

Combustion  time;  As  combustion  proceeds,  the  oxidation 
rate  decreases  and  the  heat  loss  increases.  As  a  result,  one 
usually  observes  a  certain  wt.  loss  combustion  cut-off.  The  wt. 
loss  value  depends  on  the  initial  reaction  rate  excess  over  the 
required  rate-heat  loss  intersection.  Thus,  Pb-treated  tows 
only  continue  to  50^  wt.  loss,  while  multi-ply  fabrics  continue 
to  95^  wt.  loss  because  of  the  different  initial  rate-heat  loss 
intersection  due  to  the  lower  radiative  heat  loss  of  the  multi¬ 
ply  fabrics. 

IV.  CONCLUSIONS 

The  literature  record,  our  experimental  results,  and  model 
work  have  led  us  to  make  several  conclusions  about  carbon  fiber 
combustion.  First,  gasification  of  carbon  fibers  at  temperatures 
below  1000°C  will  only  occur  through  fiber  oxidation  by  oxygen. 
Other  available  gas  reactants  in  the  atmosphere  or  fuel  fire 
environments  have  negligible  reaction  rates  at  these  temperatures. 
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This  means  that,  the  gasification  rate  is  proportional  to  the 
accessibility  of  oxygen.  By  using  the  term  accessibility,  we 
wish  to  include  all  the  factors  that  influence  oxygen  contact 
with  the  carbon  surfaces  such  as  oxygen  partial  pressure  in  the 
surrounding  gas,  the  flow  rate  of  the  ambient  gas  which  influences 
the  oxygen  concentration  gradient  at  the  carbon  surface,  and  the 
diffusion  coefficient  of  oxygen  within  the  depleted  oxygen  film 
at  the  surface.  This  accessibility  is  a  very  in^ortant  variable 
within  the  reducing  fuel  fire  heat  source,  as  is  .hown  by  the 
difference  in  oxidation  rates  between  the  "open"  and  "closed" 
methanol  fires.  As  discussed  in  the  oxidation  kinetic  section, 
accessibility  is  the  only  factor  influencing  the  carbon  fire 
oxidation  rate  at  diffusion-controlled  temperatures.  We  have 
verified  this  experimentally  where  fiber  oxidation  rates  inside 
an  oven  above  700*C  are  the  same  for  metal  catalysts  treated 
and  virgin  fibers. 

At  temperatures  below  the  diffusion-controlled  rate,  reaction 
catalysts  can  increase  the  oxidation  rate  considerably.  The  most 
effective  catalysts  are  lead  compounds.  When  these  compounds 
are  added  in  sufficient  quantity  to  carbon  fibers,  they  achieve 
the  same  oxidation  rate  as  pure  carbon  oxidation  at  lower  tempera¬ 
ture.  As  a  result,  lead-treated  carbon  fibers  have  an  ignition 
temperature  of  375°C  rather  than  550 “C  and  the  transition  from 
chemical  to  diffusion  control  will  occur  at  about  625 ®C  rather 
than  800°C.  The  ignition  temperatures  have  been  experimentally 
determined  and  the  chemical  -  diffusion  transition  temperatures 
are  inferred  from  the  combustion  model  diagram. 

As  we  have  tried  to  illustrate  in  the  combustion  model 
diagram,  the  catalyst- induced  sustained  combustion  depends  on 
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the  heat  balance  between  the  oxidation  reaction  and  heat  loss. 

The  most  dramatic  self-sustained  combustion  differences  are 
achieved  when  the  room  temperature  heat  loss  curve  is  crossed 
by  the  catalyzed  oxidation  curve  below  the  diffusion-controlled 
regime,  and  the  oxidation  rate  of  the  untreated  carbon  fibers 
crosses  the  heat  loss  curve  above  the  diffusion  controlled  regime. 

Since  the  oxidation  kinetics  and  heat  balance  model  are 
dependent  on  several  variables  whose  values  may  fluduate  greatly 
in  an  accidental  fire/ explosion,  it  is  difficult  to  quantitatively 
predict  the  effect  of  metal  additives  on  fiber  relase  without 
direct  experimental  evidence.  However,  we  can  make  several 
qualitative  predictions  within  the  context  of  the  different 
scenarios  simulated  by  the  fiber  release  studies  (11-17). 

In  general,  oxidation  of  fibers  which  occurs  at  temperatures 
below  800®C  will  be  greatly  enhanced  by  metal  additives,  of  which 
Pb  compounds  are  the  most  effective.  In  terms  of  fuel  fire 
scenarios,  we  postulate  that  Pb  additives  will  enhance  oxidation 
even  though  the  average  fire  temperature  is  above  800°C.  This  is 
due  to  the  fact  that  oxygen  accessibility  at  the  carbon  surface 
is  always  associated  with  lower  local  temperatures  in  the  fire 
since  oxygen  presence  is  due  to  local  drafts  from  fire  turbulence. 
This  postulation  is  bolstered  by  the  methanol  fire  results  where 
Pb  additives  increased  the  oxidation  rate  in  both  the  "open"  and 
"closed"  SOC’C  fires. 

Upon  removal  from  tiie  fire,  the  extent  of  self- sustained 
combustion  is  dependent  on  the  heat  balance  parameters .  We  have 
found  that  Pb  in  the  form  of  oxides  at  .01  atom/100  g  epoxy  will 
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produce  95^  fiber  weight  loss  in  multi-ply  composites  trans¬ 
ferred  to  an  atmospheric  environment  immediately  after  the  high 
temperature  exposure.  This  weight  loss  is  contrasted 
with  less  than  10^  weight  loss  by  untreated  samples  under  the 
same  conditions.  Therefore  we  feel  that  in  fuel  fire  scenarios 
the  amount  of  gasification  will  be  much  greater  with  lead-treated 
composites. 

Some  carbon  fiber  release  studies  have  reported  that  con¬ 
siderable  fiber  oxidation  takes  place  in  fuel  fire  simulations  and 
may  limit  the  amount  of  carbon  fiber  release.  Pb  addi¬ 
tives  or  even  other  less-effective  catalysts  will  increase  the 
amount  of  oxidation.  These  additives  will  also  enhance  oxidation 
under  more  severe  heat  loss  conditions.  This  may  be  critical 
in  thin  composites  when  heat  loss  is  larger  and  relatively  high 
amounts  of  fiber  release  have  been  reported  (13). 

There  are  several  conditions  in  which  the  catalyst  additives 
will  not  be  effective  in  increasing  fiber  gasification.  Released 
single  fibers  have  such  a  high  convective  heat  loss  that  combus¬ 
tion  will  extinguish  immediately  upon  removal  from  the  heat 
source.  Release  under  blast  velocity  conditions  may  also  extin¬ 
guish  combustion  due  to  the  convective  heat  loss  coefficient  at 
high  velocities.  Finally,  the  fiber  oxidation  reaction  depends 
on  accessibility  of  the  oxygen  reactant  and  removal  of  the  epoxy 
residues  from  the  carbon  surface. 
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In  conclusion,  metal  additives  may  be  quite  effective 
in  burn  scenarios  where  fiber  release  occurs  gradually  from 
epcxy-free  composite  fabric.  They  will  not  affect  single 
fibers  after  release  by  either  burn  or  burn/blast  scenarios. 
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APPENDIX  A 


Preparation  of  Composites 

System  1  -  Union  Carbide  T-300  Fiber  with  Epon  828  Epoxy 
and  Versaraide  125  Curing  Agent 

For  T-300  composites  containing  six  plies  of  T-300  fabric, 
5-7/8"  X  5-7/8"  square  and  weighing  25-26  grams,  22  grams  of 
resin  were  required.  The  resin  was  prepared  by  weighing  13.2 
grams  of  ’^pon  828  and  8.8  grams  of  Versamide  125  in  separate 
pools  on  an  aluminum  plate.  The  metallic  element  which  was 
expected  to  promote  the  combustion  of  the  composite  materials 
was  weighed  separately  as  an  oxide  or  a  salt  after  grinding  to 
a  fine  powder.  The  catalyst  concentration  used  was  0.01  g-atoms 
of  metallic  element  per  100  grams  of  resin,  immediately  prior 
to  applying  the  resin  onto  the  fabric,  the  oxidation  catalyst 
was  sprinkled  on  the  alximinum  plate  and  the  three  ingredients 
were  combined  by  gentle  folding  with  a  spatula. 
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Composite  Layup  Procedure 

Two  stainless  steel  plates  (8"x8''  and  5-7/8'*  x  5-7/8") 
were  sprayed  with  tetrafluoroethylene  release  agent  for  easy 
removal  of  the  finished  composites.  Two  peel-plies,  two  plies 
of  glass  fabric,  and  another  peel  ply  were  successively  stacked 
on  the  larger  plate.  The  layers  of  carbon  fabric  were  then 
centered  in  a  felt  dam  6"x6"  square.  The  resin  mixture  was 
applied  to  the  top  ply  of  fabric  in  small  quantities  and  was 
worked  into  the  layers  by  pressing  with  a  spatula.  Successive 
additions  were  applied  so  that  the  entire  amount  of  prepared 
resin/catalyst  mixture  was  evenly  distributed.  The  layup  was 
then  completed  with  the  addition  of  another  peel  ply  and  the 
smaller  stainless  steel  plate. 
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T-300/Spon  328  Versamlde  Cure 

The  composite  layup  was  placed  in  a  Mylar  bag  between 
two  hot  plates  and  the  bag  was  evacuated  with  heating  to  90°C. 
While  still  under  vacuom,  the  temperature  was  held  at  90 ‘’C  for 
one  hour  and  was  increased  to  120°C  and  held  constant  for  two 
hours  or  longer.  The  heat  and  vacuxam  pump  were  turned  off,  and 
the  assembly  was  allowed  to  cool  gradually  to  room  temperature 
before  removing  and  weighing  the  composite. 
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System  2  -  Hercules  AS  Fiber  v»ith  Epon  828  Epoxy  and  Versamide 
125  Curing  Agent 

For  these  composites,  four  plies  of  AS  fabric  5-7/8"x5-7/8" 
square,  weighing  30-31  grams,  were  used,  and  26.7  grams  of  resin 
were  required.  The  resin  was  prepared  using  16.0  grams  of  Epon 
828  and  10.7  grams  of  Versamide  125.  The  concentration  of  the 
oxidation  catalyst  was  0.01  g-atoms  of  metallic  element  per  lOO 
grams  of  resin,  as  before. 

The  composite  layup  procedure  and  cure  were  identical  to 
those  of  the  T-300  composites. 
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System  3  -  Hercules  AS  Fiber  with  3501-6  Resin 

For  AS  composites  containing  four  plies  of  AS  fabric 
5-7/8'*x5-7/8"  square  and  weighing  30-31  grams,  20-21  grams 
of  3501-6  resin  were  required.  The  resin  was  weighed  out  in 
a  beaker  and  was  dissolved  with  heating  (<80®c)  in  a  minimal 
amount  methyl  ethyl  ketone (MEK).  Once  the  resin  was  completely 
dissolved,  the  amount  of  oxidation  catalyst  required  to  provide 
0.01  g-atoms  of  metallic  element  per  100  grams  of  resin  was 
added,  and  the  composite  was  assembled  as  before.  The  solvent 
used  to  dissolve  the  resin  was  removed  in  a  vacuxim  oven  under 
vacuum  at  250®F  (120‘’C)  for  35  minutes  prior  to  the  cure. 

After  removing  the  solvent,  the  vacuum  was  released  and 
the  assembly  was  held  at  250®F  (120®C)  for  an  additional  30 
minutes.  The  oven  temperature  was  then  increased  to  300°F 
(150®C)  for  40  minutes  and,  finally,  to  350®F  (175®C)  for  70 
minutes  before  the  heat  was  turned  off  and  the  assembly  was 
allowed  to  gradually  cool  to  room  temperature. 
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APPENDIX  B 

Calculation  of  Convective  Heat  Loss* 

O  sshA^T  -t'I 

^convective  c  ^  surface  gas' 

=  convective  heat  loss  coefficient 
c 

A  =  area  of  surface 

When  surface  is  surrounded  by  air: 

h  =  C  ^  (a  At)*^  Btu/hr  ft^  ^ 

a  =  product  of  Grashof  and  Prandelt  numbers 

C  =  coefficient  of  geometry 

L  =  length,  i  =  i  t  = 

Tior  vert 

At  =  difference  in  temperature  between  surface  and  gas 

3  3 

d  =  power  coefficient  dependent  on  (a  L  At)  when  aL  At  ^  iO 
d  =  0,  aL^At  is  10^-10^,  d  =  1/4. 

For  tow 

C  =  .55  for  cylinder 

L  =  .08  cm  =  .0026  ft 

>  =  .03 

At  =  750«C 

a  =  :04xl0^/ft^  °F 

k  =  .03  Btu/(hr) (ft) (»F) 

3 

aL  At  =  1.12  so  d  >  0  and  <  .25 

if  aL^At  <10“'^,  d  =  0 

aL^At  is  10^  -  10^,  d  =  .25 

>  10^,  d  =  .33 
lo""^  -  10^  d  >  0,  d  <  .26. 

*  Equations  derived  from  Reference  10. 
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Assiome  maximum  heat  loss,  d  =  0 
max  =  .55  x  2.6x10-3 

=  127  Btu/hr(ft)  «F  X  1.4xl0~^  conversion  factor 
-3  2 

max  =  ,9x10  cals/ cm  sec  ®C 

approx,  h^  =  lxlo“^ 

for  fiber,  L  =  5.2xlO"^,  aL^At  <10*“^,  d  =  0 

=  .55  X  5^2x10“^  ^  l.ixlo 
=  4.4xl0”^  cals/cm^sec  °C 

2 

for  lin  fabric 
L  =  .08  ft 

d  =  .25  since  aL^At  =  3x10^ 

he  =  .5  X  X  (2.9x10"^) X  1.4x10"'^ 

-4  2 

=  3.8x10  cals/cm  sec. 


